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receptors, whereas thin spines and filopodia contain
sparse amounts of AMPA receptors (Matsuzaki et al.,
2001). The requirement for N-cadherin activity in spine
length shortening and for forming and/or stabilizing
mushroom spines in developing synapses suggests that
Head, Neck, and Spines:N-cadherin may play an important role in regulating the
transformation of synapses containing only NMDA re- A Role for LIMK-1
ceptors to those synapses containing abundant AMPA in the Hippocampus
receptors. Such awakening of silent synapses has been
proposed as a mechanism not only for activity-depen-
dent synaptogenesis, but also for early LTP expression
(Constantine-Paton and Cline, 1998). Consistently, block- LIM kinase 1 regulates actin filament dynamics
ade of cadherin adhesion interferes with early LTP (Tang through inhibition of ADF/cofilins. Surprisingly, ner-
et al., 1998; but see Bozdagi et al., 2000). Whether vous system development in LIM kinase 1 knockout
N-cadherin’s role in facilitating presynaptic organization mice is grossly normal, but the animals have deficits
manifests during early LTP or it is apparent only during in spatial learning, alterations in LTP, and abnormali-
the late phase of LTP (Bozdagi et al., 2000) requires ties in hippocampal dendritic spine structure. The find-
further clarifications. ings are consistent with a role for LIMK-1 in synapse
Despite the seemingly complicated mechanisms of formation and function.
control exerted by the cadherin-catenin system, these
studies firmly establish the importance of the synapse Dendritic spines are highly dynamic, pleomorphic struc-
adhesion complex in regulating synapse morphology tures making up the majority of the synaptic connections
and synaptic strength, providing a direct link between within the hippocampus (for a general review of dendritic
synapse structure and function. Recent advances in real- structure and function, see Nimchinsky et al., 2002). The
time imaging of presynaptic and postsynaptic markers is size, shape, and number of spines are associated with
likely to shift some of the limelight of structure-function the formation and maintenance of memory and learning.
studies from dendritic spines to presynaptic terminals Changes in spine structure and number have been impli-
and also to inhibitory synapses that lack spines. We will cated in synaptic plasticity and long-term potentiation
then be able to discern some of the fundamental rules (LTP). Mechanisms of how spines form, stabilize, desta-
by which synaptic adhesion molecules coordinate pre- bilize, and establish synapses are still being determined,
synaptic and postsynaptic structures and synaptic but are most likely the product of multiple cellular signal-
strength. ing pathways. Spine morphology, which may in the end
affect LTP, is controlled by changes in actin filament
structure (Krucker et al., 2000). The actin filaments are
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nism of dendritic spine formation and function. LIMK-1,
a neuronal specific LIMK family member, functions asBozdagi, O., Shan, W., Tanaka, H., Benson, D.L., and Huntley, G.W.
(2000). Neuron 28, 245–259. an actin depolymerizing factor (ADF)/cofilin (AC) kinase.
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LIMK Influences Postsynaptic and Presynaptic Function through Modulation of Actin Filaments
Dendritic spines are made up of a head, neck, and postsynaptic density (PSD). Within the PSD, scaffold proteins such as Homer, PSD-95,
and Shank, as well as others not described here, link the actin cytoskeleton to postsynaptic receptors including AMPA and NMDA glutamate
receptors. Results in this issue of Neuron by Meng et al. (2002) demonstrate that LIMK-1 is partially responsible for proper dendritic morphology
and long-term potentiation (LTP), presumably via its effect on actin filament dynamics, through phosphorylation and inactivation of ADF/cofilin
(AC). In LIMK-1/ mice, the morphology of dendritic spines is altered. The spines have a thicker neck and smaller postsynaptic density length
and smaller spine area. Results presented by Meng et al. (2002) also reveal that the LIMK-1/ mice have enhanced basal release of presynaptic
vesicles and an enhanced synaptic depression, suggesting a role for LIMK-1 (and most likely actin dynamics) in neurotransmitter release.
Phosphorylation on serine 3 inactivates AC proteins in be the result of actin rod formation in neurons that has
been previously reported to occur under conditions ofvertebrates. This local inactivation of AC proteins might
lead to a decrease in filament turnover, since the AC AC hyperactivation, e.g., in response to agents that lead
to mitochondrial dysfunction (Minamide et al., 2000).proteins enhance filament dynamics by increasing the
subunit off rate at one end of the filament and by frag- Indeed, spontaneous rod formation was observed in
neurites of hippocampal cells cultured from the LIMK-menting filaments to create more ends. Alternatively,
filament turnover might increase if the AC phosphoryla- 1/ mice. Decreased phalloidin staining was detected
in LIMK-1/ hippocampal spines, suggesting either ation is coupled with actin subunit release to recycle
the actin into filaments and with a spatially separated disruption in actin filament formation or the saturation
of actin filaments with ADF/cofilin. Actin rods do notreactivation of the AC by phosphatases. Regulation of
LIMK-1 occurs in part through the Rho family GTPases stain with phalloidin (Minamide et al., 2000). In addition
to changes in spine morphology, growth cones of hippo-working through p65PAK or Rho kinase to phosphorylate
Thr508, although LIMK-1 activity can also be modulated campal neurons cultured from LIMK-1/ animals were
smaller or absent compared to those cultured fromby other factors independent of phosphorylation at
Thr508 (Amano et al., 2002). The function of LIMK-1 in LIMK-1/ control animals. Given this finding and the
occurrence of spontaneous rods in the neurites, it isCNS development has come into question due to its
associated deletion in individuals with Williams syn- quite surprising that nervous system development ap-
pears so normal at the tissue level.drome, a neurodevelopmental disorder characterized
by mental retardation, visual-spatial learning difficulties, Interestingly, while there were apparent disruptions
in spine morphology and actin filament formation withinand skeletal abnormalities (Morris and Mervis, 2000).
Meng et al. (2002) present data that clearly illustrate spines, deficits in other aspects of neuronal develop-
ment such as dendritic length and the density of spinesmorphological differences in dendritic spines, growth
cones, and in actin structure in neurons from the remained unchanged. Given the importance of actin fila-
ment regulation in neuronal growth and guidance, theLIMK/ mice. Normal balloon or mushroom shape mor-
phology of dendritic spines is described by the presence lack of a more severe neuronal phenotype is in itself very
interesting. It is possible, as with all knockout situations,of a large “head” region and slender “neck” region ex-
tending back to the dendrite shaft. In LIMK-1/ neu- that other family members compensate for the loss of
another. In this case, LIMK-2, a ubiquitously expressedrons, the necks of the spines are pronouncedly thicker
while the head region is reduced in size, resulting in LIMK family member whose level of expression is not
increased in the LIMK-1/ animals, may have greaterdecreased spine area and length of the postsynaptic
density (see Figure). The observed thicker necks could activity and thus be able to help maintain more normal
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AC regulation elsewhere within developing neurons. syndrome. While a direct connection between the LIMK-
Like the LIMK-1/ mice, LIMK-2/ animals are overtly 1/ mice and human neurological disorders has yet to
normal (Takahashi et al., 2002); however, in-depth inves- be established, this report will no doubt lead to studies
tigation into neuronal development in these animals re- addressing these very concerns.
mains unpublished. Taken together, the results of this paper suggest that
Furthermore, another brain-expressed AC regulator, actin dynamics play an important role in spine formation
testicular protein kinase (TESK), can phosphorylate AC and are intimately tied to behavior and hippocampal
proteins on the same site as LIMK (Toshima et al., 2001). function. While an alternative explanation for these data
More recently, an AC phosphatase known as Slingshot is possible in which LIMK-1 has only a structural role in
was identified and functions to activate AC proteins spine organization, the alterations in actin structure and
(Niwa et al., 2002). It is not known, however, whether AC phosphorylation strongly suggest the involvement
TESK or AC phosphatases play a major role in regulating of actin dynamics. Further studies exploring the roles
AC activity in dendritic spine formation or, for that mat- of the AC phosphatases and the other AC kinases in
ter, in other aspects of neuronal development. Because spine behavior are needed to extend these studies and
phosphorylated AC in LIMK/ mouse brain tissue re- clarify the importance of actin dynamics to spine
mained at more than 50% of wild-type controls, there function.
certainly is at least one other AC regulatory kinase func-
tioning in the hippocampus. It is also possible that
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Department of Biochemistry and Molecular Biologytion and not in other aspects of neuronal actin dynamics.
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The actin cytoskeleton is most certainly involved in
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(Bernstein et al., 1998; Morales et al., 2000). To this end,
LIMK/ neurons have decreased sustained synaptic
neurotransmitter release as determined by measure-
ment of mEPSPs and have attenuated changes in synap-
tic depression. Pharmacological inhibition of actin fila-
ment formation with cytochalasin D, which causes Sleep and Motor Skill Learning
increased rate of neurotransmitter release in wild-type
tissue, is significantly lower in LIMK/ tissue, further
implicating the LIMK-dependent actin filament regula-
The improvement of a perceptual or motor skill contin-tion of presynaptic neurotransmitter release.
ues after training has ended. The central question isNot only are there molecular and electrophysiological
whether this improvement is just a function of timechanges in LIMK/ mice, but decreased learning rever-
or whether sleep, a certain circadian phase, or theirsal and altered fear responses were also observed.
interaction (sleep occurring in a particular circadianThese behavioral changes in mice are not dissimilar to
certain deficits found in human patients with Williams phase) is favorable to the reprocessing of recent mem-
